. Dimethyphenylpiperazinium, a nicotinic receptor agonist, downregulates inflammation in monocytes/macrophages through PI3K and PLC chronic activation. Am J Physiol Lung Cell Mol Physiol 291: L757-L763, 2006. First published June 16, 2006 doi:10.1152/ajplung.00409.2005.-Activation of nicotinic acetylcholine receptors (nAChRs) on inflammatory cells induces anti-inflammatory effects. The intracellular mechanisms that regulate this effect are still poorly understood. In neuronal cells, nAChRs are associated with phosphatidylinositol 3-kinase (PI3K). This enzyme, which can activate phospholipase C (PLC), is also present in monocytes. The aim of this study was to assess the role of these proteins in the signaling pathways involved in the anti-inflammatory effect of dimethylphenylpiperazinium (DMPP), a synthetic nAChR agonist, on monocytes and macrophages. The results indicate that PI3K is associated with ␣3, -4, and -5 nAChR subunits in monocytes. The PI3K inhibitors wortmannin and LY294002 abrogated the inhibitory effect of DMPP on LPS-induced TNF release by monocytes. Treatment with DMPP for 24 and 48 h provoked a mild PLC phosphorylation, which was blocked by the nAChR antagonist mecamylamine and reversed by PI3K inhibitors. Treatment of monocytes and alveolar macrophages with DMPP reduced the inositol 1,4,5-trisphosphate (IP3)-dependent intracellular calcium mobilization induced by platelet-activating factor (PAF), an effect that was reversed by mecamylamine in alveolar macrophages. DMPP did not have any effect on PAF receptor expression. DMPP also inhibited the thapsigargin-provoked calcium release, indicating that the endoplasmic reticulum calcium stores might be depleted by treatment with the nAChR agonist. Taken together, these results suggest that PI3K and PLC activation is involved in the anti-inflammatory effect of DMPP. PLC limited, but constant activation could induce, the depletion of intracellular calcium stores, leading to the anti-inflammatory effect of DMPP.
NICOTINIC RECEPTOR AGONISTS show anti-inflammatory properties in vivo. Studies have demonstrated that administration of nicotine has anti-inflammatory effects in a mouse model of hypersensitivity pneumonitis, reduces the incidence of type 1 (autoimmune) diabetes and ulcerative colitis (1, 21, 24) , and improves survival in experimental sepsis (27) . Moreover, dimethylphenylpiperazinium (DMPP), a synthetic nicotinic acetylcholine receptor (nAChR) agonist, reduces airway inflammation as well as the increase in airway resistance in a mouse model of asthma (2) . Finally, both nAChR agonists nicotine and DMPP have protective effects on early phase hepatic ischemia-reperfusion injury (6, 27) .
These effects are further supported by in vitro studies showing that nicotine reduces the production of IL-1 by macrophages (22) , TNF expression and IFN-␥ and IL-10 mRNA production by alveolar macrophages (AM) (1) . Nicotine also has inhibitory effects on the expression of the co-stimulatory molecules CD28 and CTLA-4 on lymphocytes (15) and CD80 on AM (1) . DMPP inhibits TNF and IL-6 production by AM (23) and natural killer (NK) cell activity (8) . These antiinflammatory effects are nAChR specific (23) .
The intracellular pathways involved in these anti-inflammatory effects remain poorly understood. Previous studies suggested that intracellular calcium mobilization is reduced by nicotine treatment and that nicotine provokes phosphorylation of total protein tyrosine kinases in lymphocytes (14) . Others have shown that activation of the ␣7 nAChR subunit was required for the abrogation of TNF release by ACh in macrophages (28) . There is also proof that the JAK 2-STAT 3 pathway is involved in the anti-inflammatory effect of nAChR activation (7) . However, the molecular mechanisms linking nAChR activation and the overall anti-inflammatory effect of nAChR agonists are still misunderstood. Moreover, the exact role of nAChRs on inflammatory cells remains unclear.
Nicotinic receptors normally act as ligand-gated ion channels. Their stimulation on neuronal cells evokes the entry of Ca 2ϩ and Na ϩ ions (16) . However, because inflammatory cells are not excitable cells, their depolarization is unlikely to be the mechanism underlying the immunosuppressive effect of nAChR stimulation. A recent study (17) has reported that stimulation of nAChRs triggers intracellular signalization. In fact, it was shown that the ␣7 nAChR subunit is associated with phosphatidylinositol 3-kinase (PI3K) in neurons and that PI3K activation is involved in the neuro-protective effect of nicotine (17) .
The purpose of the present study was to assess the signaling pathway involved in the decrease of LPS-induced TNF production by DMPP-treated monocytes/macrophages, to evaluate whether the PI3K association with the ␣7 nAChR subunit found in neurons (17) is also present in monocytes and to determine the potential involvement of PI3K in the inhibitory effect of DMPP on the release of TNF by monocytes. The effect of nAChR stimulation on phospholipase C (PLC) activation and the effect of DMPP on the intracellular calcium mobilization in monocytes and AM were also studied.
MATERIALS AND METHODS
Isolation of whole blood monocytes and AM. This project was approved by the Laval Hospital Research Center ethics committee, and all participants signed a consent form. Studies on PI3K, PLC activation, and intracellular calcium were performed on blood monocytes. AM were also used for intracellular calcium studies.
Blood was obtained from healthy donors, and whole blood mononuclear cells were isolated by Ficoll gradient. Cells were plated for 2 h at 37°C in RPMI medium (GIBCO BRL, Burlington, ON, Canada) completed with 2% of the donor's serum to facilitate monocyte adhesion. Plates were washed four times with HBSS (GIBCO BRL). Purified adherent monocytes were incubated with complete RPMI medium for the rest of the experiments.
AM were isolated from bronchoalveolar lavages performed on mild asthmatic patients who were on inhaled ␤-agonists on a prescribe-asneeded (PRN) basis only. Cells were plated and incubated for 2 h at 37°C. Plates were washed four times with HBSS, and purified adherent macrophages were incubated with complete RPMI medium for the subsequent experiments.
Evaluation of TNF production by monocytes. As previously described (23), monocytes (3 ϫ 10 5 ) were stimulated with 50 ng of Escherichia coli LPS for 24 h and simultaneously treated, or not, with 10, 20, and 40 M DMPP. DMPP-treated cells were preincubated (or not) with the PI3K inhibitors wortmannin (100 nM) and LY294002 (10 M) (both from Sigma, Oakville, ON, Canada) for 3 h. PI3K inhibitor concentrations used in this study were previously described to specifically inhibit PI3K (4, 13, 29) . The production of TNF in the supernatant was measured by ELISA (R&D Systems, Minneapolis, MN).
Co-immunoprecipitation of PI3K and nAChR ␣3, -4, and -7 subunits. Monocytes (5 ϫ 10 6 ) were lysed with lysis buffer [10 mM Tris ⅐ HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 2% Triton X-100, 1% mixture of protease inhibitors (2 mM EDTA, 2 mM PMSF, 1 g/ml aprotinin, 1 g/ml leupeptin; all from Sigma)] and incubated with Sepharose A gel beads coupled to a rabbit anti-human PI3K P85 (Santa Cruz Biotechnology, Santa Cruz, CA) for 24 h at 4°C. Immunoprecipitates were run in 10% SDS-PAGE, and proteins were transferred to a polyvinylidene difluoride (PVDF) membrane. Membranes were cut and incubated with rabbit anti-human ␣3, -4, and -7 nAChR subunits (Santa Cruz Biotechnology) followed by incubation with a polyclonal goat-anti rabbit Ig-coupled to horseradish peroxidase (BD Pharmingen, Missisauga, ON, Canada). Final revelation was accomplished by chemiluminescence with enhanced chemiluminescence (ECL; Amersham Biosciences, Montreal, QC, Canada). Membranes were stripped and reprobed with the rabbit anti-human PI3K to confirm the presence of PI3K in the co-immunoprecipitates. An irrelevant antibody (rabbit Ig) was used as negative control in the immunoprecipitation; membranes were cut and probed with the four previously used antibodies to check for any nonspecific binding.
Immunoprecipitation of PLC and PLC phosphorylation. Monocytes (5 ϫ 10 6 ) were treated with 40 M DMPP for 24 or 48 h, with or without the addition of 10 M nAChR antagonist mecamylamine (Sigma). Cells were lysed in lysis buffer (described above) complemented with phosphatase inhibitors NaF (0.4 mg/ml) and sodium orthovanadate (0.35 mg/ml). Lysates were incubated with Sepharose A gel beads coupled to a rabbit anti-human PLC for 24 h. Immunoprecipitates were run in 10% SDS-PAGE, and proteins were transferred to a PVDF membrane. Membranes were incubated with a rabbit anti-human phosphotyrosine (Santa Cruz Biotechnology) followed by a goat anti-rabbit Ig-coupled to horseradish peroxidase (BD Pharmingen). Final revelation was achieved by chemiluminescence with ECL (Amersham Biosciences). Membranes were stripped and reprobed with the rabbit anti-human PLC to confirm the initial amount of PLC present in each sample. The intensity of the bands was quantified using Scion-Image software.
Intracellular calcium determination. AM or monocytes (200,000) were plated in a 2.5-cm-diameter petri dish and incubated with 2.5 M fura-2-AM for 30 min at 37°C. Cells were rinsed to remove extra cellular fura-2. Changes in intracellular calcium concentration ([Ca 2ϩ ]i) were followed by fura-2 fluorescence, using the Imagemaster system (Photon Technology International, Monmouth Junction, NJ) coupled to a Leica DM IRB fluorescence microscope (ϫ40) (Leica, St-Laurent, QC, Canada). Excitation wavelengths were 353 and 374 nm, and the emission wavelength was 510 nm. The ratio between the fluorescence provoked by the 353-and the 374-nm excitation wavelengths was calculated and used as [Ca 2ϩ ]i indicator. Cells were pretreated, or not, for 24 h with 160 M DMPP and stimulated with either 10 M platelet-activating factor (PAF) or 1 mM thapsigargin (both from Sigma) in calcium buffer. Fluorescence at 510 nm was recorded every 20 s for 20 min. To verify the specificity of the response to nAChRs, the experiments on the effect of DMPP on PAF-activated AM were repeated in the presence of 10 M mecamylamine, a nicotinic receptor antagonist.
Cell ELISA for PAF receptor expression. The expression of PAF receptor (PAFr) was assessed by cell ELISA. Monocytes (1 ϫ 10 5 per well) were plated onto 96-well plates and pretreated, or not, with 160 M DMPP. Twenty-four hours later, cells were washed with PBS and adsorbed onto 96-well plates by evaporation overnight at room temperature. The cells were then fixed with methanol at Ϫ20°C for 20 min. Endogenous peroxidase and pseudoperoxidase activities were blocked with DAKO peroxidase-blocking reagent. Cells were blocked with 1% BSA before incubation with 5 g/ml rabbit anti-PAFr (Cayman Chemical, Hornby, ON, Canada) or rabbit IgG (Cayman Chemical) as isotype control. Binding was revealed with peroxidaseconjugated goat anti-rabbit IgG (HϩL) (Cedarlane, Hornby, ON, Canada) followed by the addition of a substrate solution (R&D Systems, Hornby, ON, Canada). The reaction was stopped after 3 min with H 2SO4 (2 N), and optical density (OD) was read at 450 nm with correction at 550 nm (Molecular Devices, microplate reader). OD from isotype control was subtracted from that of PAFr-tested wells.
Statistical analysis. Statistical analysis for the TNF production was made with the use of an ANOVA table followed by a Fishers protected least significant differences post hoc test. Differences in PLC phosphorylation were analyzed by a paired t-test, and analyses for the calcium studies and cell ELISA were made using an unpaired t-test.
RESULTS

PI3K activity is involved in the anti-inflammatory effect of DMPP.
The involvement of PI3K on the anti-inflammatory effect of DMPP in monocytes was tested by use of the PI3K inhibitors wortmannin and LY294002. Cell viability was not affected by DMPP (data not shown). A previous dose response with DMPP (range, 0.1 to 320 M) had shown that DMPP significantly inhibits TNF production by monocytes, starting at 10 M, and that doses Ͼ40 M provoke no further decreasing effect (data not shown). Therefore, the 10, 20, and 40 M doses were used here to test the involvement of PI3K in this anti-inflammatory effect. Again, in these experiments, treatment of monocytes for 24 h with 10, 20, and 40 M DMPP dose dependently inhibited TNF release (Fig. 1) (23) . Pretreatment of monocytes with the PI3K inhibitors wortmannin and LY294002 partially reversed the inhibitory effect of DMPP on TNF release. The association of nAChR with PI3K was tested by co-immunoprecipitation. Figure 2 shows that PI3K is associated with ␣3, ␣4, and ␣7 nAChR subunits.
PLC is phosphorylated by DMPP treatment. Treatment of monocytes with 40 M DMPP for 24 and 48 h provoked the phosphorylation of PLC as demonstrated by immunoprecipita-tion of PLC and revelation of phospho-PLC. This effect was blocked by adding mecamylamine 5 min before the start of the DMPP treatment (Fig. 3A) . This effect was also partially reversed by addition of the PI3K inhibitors wortmannin and LY294002 (Fig. 3B) . Analysis of the intensity of the bands confirmed that both wortmannin and LY294002 significantly reversed the level of phospho-PLC compared with the DMPPtreated cells (Fig. 3C) .
DMPP blocks intracellular calcium increase provoked by PAF. All intracellular calcium-related results are presented as a representative result of three to five different experiments, with each experiment consisting of a simultaneous recording of fluorescence ratios from three to five cells.
Intracellular calcium rise in monocytes (Fig. 4A ) or human AM (Fig. 4B) was induced by PAF. This molecule is known to stimulate intracellular calcium mobilization in those cells (20) . Cell stimulation was achieved after an 8-to 10-min resting period. Recording of fura-2 fluorescence was stopped after 10 Fig. 1 . Effect of phosphatidylinositol 3-kinase (PI3K) inhibitors wortmannin and LY294002 on TNF production by monocytes. Experiment was repeated with monocytes from 7 different donors. LPS-induced TNF release in monocytes was significantly blocked by dimethylphenylpiperazinium (DMPP) (P Ͻ 0.05 for all DMPP doses). Pretreatment of monocytes with the PI3K inhibitor wortmannin significantly reversed the 40 M DMPP dose (P ϭ 0.04), and the PI3K inhibitor LY294002 significantly reversed the inhibitory effect at all DMPP doses (P Յ 0.008). *Significant result.
Fig. 2. Association of PI3K with nicotinic acetylcholine receptors (nAChRs).
Co-immunoprecipitation of ␣3, ␣4, and ␣7 subunits and PI3K (P85) shows that all 3 subunits were physically associated with PI3K in monocytes. P85 band was revealed after stripping of the membranes as proof that PI3K was indeed present in the co-immunoprecipitates. Bottom blot shows the negative control in which an irrelevant antibody (rabbit Ig) was used for the immunoprecipitation. Membranes were cut, and the 4 antibodies used in the coimmunoprecipitation (anti-nAChR ␣3, -4, and -7 subunits and anti-P85) showed no nonspecific reactivity. These are representative results of 3 different experiments. In DMPP-treated, PAF-stimulated monocytes (Fig. 4A) , the intensity of the initial peak of internal calcium concentration [corresponding to the inositol 1,4,5-trisphosphate (IP3)-dependant calcium rise provoked by the stimulation of the G proteincoupled PAFr] (9) was decreased by 33.4 Ϯ 2.6% (n ϭ 14, P ϭ 0.03) and delayed by 235.8 Ϯ 41.0 s (n ϭ 14, P Ͻ 0.0001) compared with nontreated cells. In AM, DMPP treatment reduced the initial peak by 51.7 Ϯ 7.7% (n ϭ 18, P Ͻ 0.0001). Different timings of incubation (10 min and 1, 2, 24, and 48 h; data not shown) with DMPP were tested. Both 24-and 48-h DMPP treatments were the most effective in blocking the intracellular calcium rise provoked by PAF; 24-h incubation was therefore used for all calcium studies. The cell ELISA method was used to verify whether the downregulating effect on calcium mobilization could be due to reduced PAFr expression in monocytes. As shown in Fig. 4C , cells incubated with or without DMPP had similar PAFr expression. Mecamylamine, an nAChR antagonist, blunted the inhibitory effect of DMPP on the PAF-induced intracellular calcium rise in AM (Fig. 5) .
DMPP reduces the IP3-dependent increase in intracellular calcium. In experiments performed in the absence of extracellular calcium in AM, PAF provoked a quick intracellular calcium increase (IP3-dependant calcium increase), and the sustained response provoked by PAF in the presence of extracellular calcium was not observed. Even in the absence of extracellular calcium, DMPP blocked the response of AM to PAF (Fig. 6 ), indicating that DMPP has a direct effect on this phase of calcium rise in the cells. DMPP reduced the intensity of the peaks by 56.7 Ϯ 11.5% (n ϭ 9, P ϭ 0.0017).
DMPP depletes IP3-dependent intracellular calcium stores in AM. Addition of thapsigargin in AM, which inactivates the ATPase calcium pump, provoked a cytoplasmic calcium increase (Fig. 7) corresponding to the depletion of endoplasmic reticulum calcium stores. Pretreatment for 24 h with 160 M Fig. 4 . Effect of DMPP on the intracellular calcium rise provoked by the addition of platelet-activating factor (PAF) in monocytes (A) and alveolar macrophages (AM) (B) . Stimulation of the G protein-coupled PAF receptor provoked a quick initial peak [inositol 1,4,5-trisphosphate (IP3)-dependent calcium increase] followed by a more sustained response (store-operated calcium entry). DMPP treatment in monocytes reduced the initial peak by ϳ30% and significantly delayed the response to PAF. In AM, the intensity of the initial peak was reduced by 50% in DMPP-treated cells. C: expression of PAF receptor (PAFr) was not affected by the treatment with 160 M DMPP. Each column represents the mean Ϯ SE for purified blood monocytes from 4 subjects (3 repeats by subject). OD, optical density. DMPP reduced the response provoked by thapsigargin, indicating that the pretreatment of cells with DMPP had depleted IP3-dependent intracellular calcium stores.
DISCUSSION
The link between direct activation of nAChRs and the inhibitory effect of nicotine on intracellular calcium dynamics in general immune cell function is still being elucidated. Because the association studies were conducted by co-immunoprecipitation, we cannot rule out the possibility that the interaction between PI3K P85 and ␣3, -4, and -7 nAChR subunits could involve another protein. These results suggested that PI3K could be activated by nAChR activation by DMPP. This was confirmed by the reversal of the downregulating effect of DMPP on monocyte TNF production by the PI3K inhibitors wortmannin and LY294002. The fact that these inhibitors did not completely reverse the anti-inflammatory effect of DMPP suggests that other signaling pathways may be involved. The difference in the response of DMPP-treated monocytes to the two P13K inhibitor is surprising. However, it has been reported that LY294002 and wortmannin inhibit PI3K by different mechanisms; LY294002 acts as a pure competitive inhibitor of ATP, whereas wortmannin alkalizes a lysine residue at the ATP-binding site (26) . There is also evidence that LY294002 could inhibit other kinases such as caseine kinase-2, whereas wortmannin is more PI3K specific (26) . The different mechanisms of PI3K inhibition could explain the differences in the response of DMPP-treated monocytes to these two molecules. Nevertheless, these two inhibitors are often used in parallel to verify the implication of PI3K activation in a variety of phenomena (4, 10, 13, 29) . We therefore believe that the effect reported here is PI3K specific.
PI3K partially activates PLC in monocytes/macrophages (11) . We believe that PLC phosphorylation induced by nAChR activation could be due to PI3K activation via nAChR stimulation. Blockade of PLC phosphorylation by the nAChR general antagonist mecamylamine indicates that this phenomenon is specific to nAChR activation. Partial reversal of the DMPPinduced PLC phosphorylation by PI3K inhibitors also suggests that this is mediated, at least in part, by PI3K activation.
Because PLC is a major player in intracellular calcium mobilization from the endoplasmic reticulum, a constant and mild PLC phosphorylation by nAChR agonists, such as that provoked by DMPP, could influence the intracellular calcium mobilization in monocytes/macrophages. We are aware that PLC phosphorylation is not a direct proof of protein activation. However, because it is widely established that PLC phosphorylation correlates its activity (18) , and that the antibody used in our study was previously used to describe PLC activity (30, 31) , we believe that, because DMPP provokes PLC phosphorylation, it should promote its activation.
The blockade by DMPP of the PAF-stimulated quick rise in intracellular calcium in the absence of extracellular calcium further confirms that DMPP affects the PLC/IP3-dependant intracellular calcium rise. This hypothesis is also supported by the reduced effect of DMPP on thapsigargin-induced depletion of endoplasmic reticulum calcium stores. Taken together, these results suggest that the overall reducing effect of DMPP on the intracellular calcium increase provoked by PAF in monocytes and AM could come from a depletion of these stores. Depletion of calcium stores by nicotine, another nicotinic agonist, was previously reported in lymphocytes (25) . However, it is well known that depletion of intracellular calcium stores normally provokes opening of store-operated channels (3) . DMPP could also affect the opening of these channels, since it appears that the content in intracellular calcium could not be renewed after intracellular store depletion.
Although it is known that PLC phosphorylation leads to calcium efflux from the endoplasmic reticulum, and that DMPP provoked a mild PLC phosphorylation, addition of DMPP by itself did not create any detectable calcium mobilization. Moreover, in preliminary studies using human AM from hypersensitivity pneumonitis patients, the longer cells were treated with DMPP, the more the intracellular calcium mobilization was reduced (data not shown). We believe that this further supports the hypothesis that the DMPP-provoked PLC phosphorylation could, in chronically treated cells, lead to an intracellular calcium efflux from the endoplasmic reticulum without reaching the intracellular calcium level needed to provoke calcium-induced intracellular signaling or renewal of calcium store content, leading to the depletion of the endoplasmic reticulum calcium stores.
Experiments showing that the nicotinic antagonist mecamylamine abrogated the inhibitory effect of DMPP on the intracellular calcium rise in PAF-stimulated AM confirm that the observed phenomenon is specific to nAChR activation. We verified whether the downregulating effect of DMPP on intracellular calcium mobilization could be due to a reduced PAF receptor expression. Results suggest that PAF receptor expression was not modulated by DMPP, which further confirms that the inhibitory effect of this nAChR agonist on the intracellular calcium mobilization is nAChR specific. We do not know which specific nAChR subunit is implicated in these effects. The determination of which specific subunit is involved in the general anti-inflammatory effect of DMPP could be of interest to develop a potential treatment of inflammatory diseases by activators of specific nicotinic receptor subunits.
The link between the PI3K and PLC results and the intracellular calcium observation is not obvious because of the use of two different cell types (monocytes and alveolar macrophages) as well as two different stimulants (LPS and PAF). LPS is known to induce TNF release (12, 19, 32) . We failed to induce intracellular calcium mobilization in AM by LPS (data not shown). Because PAF is known to induce intracellular calcium mobilization in macrophages (20) and is involved in the overall stimulatory effect of LPS on macrophages (5), this molecule seemed like the obvious stimulant to use in the intracellular calcium studies. The fact that the overall inhibitory effect of DMPP on the intracellular calcium mobilization was observed in both monocytes and AM strengthens the link between the two different cell types used in this study and strongly suggests that the intracellular calcium store depletion observed in DMPP-treated AM should occur in monocytes as well.
Our general hypothesis explaining the link between nAChR activation and the anti-inflammatory effect of DMPP is that chronic nicotinic receptor activation by DMPP activates PI3K, which in turn partially activates PLC. PLC is responsible for IP3 production, whose limited but constant presence in the cytoplasm could deplete intracellular calcium stores. Intracellular calcium store depletion could in term lead to impaired monocyte/macrophage activation.
In conclusion, the anti-inflammatory effect of the nicotinic agonist DMPP is mediated by PI3K activation. Activation of nAChRs induces PLC phosphorylation, which could lead to intracellular calcium store depletion. A better understanding of the intracellular pathways underlying the anti-inflammatory effect of nicotinic agonists is another step toward treating inflammatory diseases with this family of molecules.
